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ABSTRACT

PERTURBATION_ SIGHTING AND TRAJECTORY ANALYSIS

1965-1975FOR PERIODIC COMETS:

/D 7 2-

Possible intercept missions to the well known short

period comets in the years 1965-1975 have been analyzed, to

delineate those of potential interest in long range planning.

A total of 36 well known comets having 55 perihelia in the

period 1965 to 1975 were considered, plus Halley's comet

with its perihelion in 1986. Detailed perturbation calcu-

lations were performed to determine the positions and

perihelion dates of the 37 comets moving under the influence

of gravitational fields of the Sun and planets. Ballistic

trajectories to the comets were then calculated to determine

ideal velocity, time of flight, closing velocity and com-

munications distance as a function of launch date° Sighting

calculations were performed to determine the expected bright_

ness of the comets and the number of hours the comet might

be visible in the night sky. [fhe DO perihelxa were then
!

divided into thrge ciassu_o

Class I : Missions of Primary Interest

(6 perihelia plus Halley)

Class II : Missions of Secondary Interest

(i0 perihelia)

Class III : Missions of Low Interest

(39 perihelia)
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In order to be considered as either Class I or II a comet had to

l) Be recoverable two months before launch, that is,

of brightness at least magnitude 20 and visible at
least one to two hours per day from some latitude

on Earth. (Magnitude 20 is an approximate lower
limit for comet detection with current techniques).

2) Be visible at intercept (which is normally near

perihelion).

3) Have an ideal velocity requirement AV of less

than 53_000 ft/sec for a 30 day launch window,

with a flight time of less than 400 days
(53,000 ft/sec corresponds to a 400 pound payload
on an Atlas Centaur vehicle with a solid fuel

upper stage; it is sufficient for Jupiter missions).

The most important factor in eliminating missions from Class I

or II is the sighting calculation, since most comets are not

recoverable until months after their minimum energy launch

windows. Of the 39 perihelia of low interest, 12 were placed there

because of energy requirements alone and 27 were placed there

because either the lateness of recovery forced the energy

requirements above 53,000 ft/sec, or in a few cases, because

the comets were not visible near perihelion. The division of

the 17 Class I and II comets into 7 best and i0 secondary is

clearly somewhat subjective, but based on trajectory and sighting

data and on brief considerations of the scientific data avail-

able for each specific comet. With this last comment in mind,

we may list the following seven "best" missions, in chronological

order. The AV values are ideal velocities for 30 day launch

windows.

lit RESEARCH INSTITUTE
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Tempel 2
(1967)

Schwas smann-
Wachmann 2

(1967)

Perrine-Mrkos
(1968)

Kopff
(1970)

Pons -Winnecke
(1970)

Encke
(1974)

Halley
(1986)

Launch 4/67 with AV = 43,000 ft/sec. A
bright comet at intercept (magnitude i0.5)
for which some spectroscopic data is
available. Easy early recovery, excel-
lent sighting and easy trajectories make
this _ most attractive mission in 1965-
1975, although other comets are of
greater scientific interest°

Launch 9/67 with AV = 46,250 ft/sec. An
interesting dusty comet with excellent
recovery and sighting, but rather faint
(magnitude 15) at intercept°

Launch 4/68 with AV = 45,400 ft/sec.
Not a well known comet but bright (mag-
nitude 8) at intercept.

Launch 1/70 with AV = 41,900 ft/sec. Not
a well known comet, but one with particu-
larly low AV, although the flight time is
long (i0 months).

Launch 3/70 with AV = 45,100 ft/sec. A
moderately bright (magnitude 13) comet
at intercept, for which spectral data
is available°

Launch 2/74 with AV = 47,700 ft/sec. A
well known bright comet with short
period (3°3 years); of high scientific
interest. The very high closing velocity
(35-40 km/sec) would complicate the mis-
sion; the short flight times and high
closing velocities characteristic of
Encke missions are also characteristic
of missions to Halley's comet in 1986.

,.o 900 ft/secLaunch 7./8.5 or _I_ with AV _ -_,
The outstanding, bright, scientifically
interesting comet, and a major goal
for missions to the periodic comets.
The very high closing velocity (2_ _
km/sec) is the only possible problem.
Recovery and sighting are outstanding,
the flight times __ _ " .
and the energy requirement very lowo
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Report Noo T_7

PERTURBATION_ SIGHTING AND TRAJECTORY ANALYSIS

FOR PERIODIC COMETS: 1965-1975

!

!

!

i. INTRODUCTION AND GENERAL DISCUSSION

For long range planning purposes, it is of great interest

to know which comets are accessible and attractive for explora-

tory missions in the next ten years. This report is the third

in a series of five Astro Sciences Center reports on the comets;

the first two were a discussion of the scientific objectives of

missions to the comets (Roberts 1964a) and a compendium of data

on periodic comets (Roberts 1964b); a fourth will discuss tra-

jectories for 1975-1985 comets and new comets; a final report

will discuss a few specific comet missions.

Since the comets are brightest and most active near peri-

helion, this study considered all short period comets which have

well known orbits and which have perihelia in 1965 to 1975,

plus Halley's comet which has its next perihelion in 1986.

Table 5, page 13, shows the 37 comets considered and their 56

perihelion dates.

Because of (i) perturbing effects of the planets on

comet orbits, (2) other accelerations in the comet motion

and (3) inaccuracies in the comet orbital elements, the orbits

of the comets are not well enough known to consider

liT RESEARCM INSTITUTE
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launching to a comet without first optically recovering and

tracking the comet° In order to predict the future positions

of the comets as accurately as possible detailed perturbation

calculations must be carried out for each comet. The latest

published data in the British Astronomical Association Hand-

books (BAAH) or in Porter's Catalogue (Porter, 1961) were

used as initial data for perturbation calculations. The

Lewis Research Center NBODY code for the IBM 7090 computer

was used to carry out the perturbation calculation; this

code calculated the positions of the comets moving under the

influence of the gravitational fields of the Sun and the

planets Mercury through Uranus° To demonstrate the code's

ability six NBODY perturbation calculations were checked with six

published perturbation calculations, with close agreement.

Changes in perihelion time are the most important

perturbation effects in trajectory studies. A comparison

of the 48 comet perihelia in 1965 to 1975 as calculated

from previous perihelia (STL, 1963) without perturbations

with the same 48 perihelia calculated by including the per_

turbations showed an average change of 42 days in perihelion

time. These perihelion time changes can severely affect

trajectory calculations° For example, a 1966 launch to comet

Grigg-Skjellerup requires an ideal velocity AV of 4.2,700

ft/sec, for a 30 day launch window° However, if perturbations

are ignored the comet has a calculated perihelion date 52

days earlier, with a AV of 47,100 ft/sec. Thus the shift of

Iii" RESEARCH iNSTiTUTE



52 days in perihelion time changed trajectory energy require-

ments for Grigg-Skjellerup from a relatively high AV = 47,100 ft/

sec to a low AV = 42,700 ft/SeCo

The perturbation calculations also showed that some

comets pass near Jupiter and that some make close approaches to

Earth. Tables i and 2 detail these. Section 5 discusses the

perturbation calculations in more detail° Appendix I contains

osculating orbital elements for all the comets considered,

through 1985.

Once the comet's orbital elements were determined by

means of the perturbation calculation, the ASC/IITRI conic

section trajectory system for the IBM 7090 (Pierce, Narin 1964)

was used to calculate ballistic trajectories from Earth to

each comet. The 30 day launch window which requires the mini-

mum ideal velocity was determined for every comet of any

interest. In addition to ideal velocity AV the codes deter-

mine communications distance RC, time of flight TF, closing

velocity VHP and launch and arrival dates° Flight times of

up to 400 days were considered° In order to be considered

interesting a flight had to arrive at the comet within a few

months of perihelion and have a AV requirement of less than

53,000 ft/sec. Of the 55 comet perihelia considered in 1965

to 1975 a total of 12 were rejected as not interesting be-

cause of these requirements alone° Section 6 discusses the

trajectory calculations in more detail°

III RESEARCH INSTITUTE



The last major stage in the computation was sighting

calculations. Since most of the short period comets are rela-

tively small and dim, the problems of detecting them are

often formidable° The ground rules used in the study were

that the comet should be visible 2 months before launch, at

launch, and at intercept. By visible is meant approximately

that the comet is above the horizon in the night sky for one

to two hours from some latitude on Earth and at least as bright

as magnitude 20. These computations were performed on the

IBM 7090 using a specially written code SIGHT. Since the

available data on comet brightness are very approximate some

judgement was used in interpreting the calculated sighting

date.

The most important effect of the sighting calculation is

to raise the AV necessary to intercept a comet, because the

first possible launch is assumed to occur two months after

recovery (first sighting) of the comet° For example, the

minimum energy 30 day launch window for comet Giacobini-

Zinner starts on 10/24/71 with a &V of 41,800 ft/sec and a

flight time of 290 days, arriving 6 days after perihelion.

However, the comet will not be recoverable (magnitude _20)

until the middle of January, 1972; the minimum energy launch

window starting at 3/15/72 has a AV of_53,000 ft/sec. Thus

the sighting constraint transforms Giacobini®Zinner from an

easy 41,800 ft/sec Atlas_Agena class trajectory to one re-

quiring 53,000 ft/sec, more than the energy required to go to

lit RESEARCH INSTITUTE
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Jupiter.

Of the 44 comet perihelia left after elimination on

purely trajectory grounds, the sighting requirements eliminated

27 and made many of the others much less interesting. Section 7

discusses the sighting calculations in more detail.

As a last step an attempt was made to choose from the

trajectory data, the sighting data, and ASC/IITRI studies of

the scientific interest of the comets (Roberts 1964a_ 1964b)

which comets are most attractive for exploratory missions.

Fortunately, the scientifically interesting comets are the

relatively bright and active comets which tend to be easy comets

to intercept. However the final synthesis of trajectory,

sighting and scientific data into an ordering of comet missions

is a somewhat subjective procedure.

Before interpreting the data presented in the tables a

number of points should be kept in mind; these points are dis-

cussed further in the other ASC/IITRI comet reports.

i) A most critical factor in intercepting a comet

is the accuracy with which the comet orbital

elements are known. A miss distance of I0,000 km

would probably occur if the comet probe does not

carry on-board comet acquisition and terminal

guidance capability° Since comet nucleus diameters

are typically 1-10 km, and comet diameters

20,000-2,000,000 km (Roberts 1964a) a probe

without terminal acquisition and guidance will

probably intersect the coma (if the comet has

one) but not detect the nucleus at all.

liT RESEARCH iNSTITUTE
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2) It would be highly desirable to make spectroscopic

measurements from Earth as the spacecraft inter-

sects the comet. This implies the comet must be,

approximately, magnitude i0 or ii at intercept.

Furthermore, since comet visibility is often just

a few hours a day, and the spacecraft would

typically be in the coma for only a few hours,

timing the intercept so that the comet is visible

could be a significant guidance problem.

3) The brightness of the comets is not well known,

and changes from apparition to apparition; the

brightness formulas are often in error by a few

magnitudes. Thus all magnitude figures given

are very approximate.

liT RESEARCH INSTITUTE



Table i

COMETS WHICH APPROACH WITHIN 0.35 AU OF JUPITER

1964-1985

Comet

D'Arrest

Grigg-Skjellerup

Harrington-Abell

Honda-Mrkos-Pajdusakova

Tuttle-Giacobini-Kresak

Date of Nearest

Approach

8/79

3/64

4/13/74

3/27/83

6/75

Distance

(AU)

0.32

0.33

0.083

0.113

0.35

Table 2

COMETS WHICH APPROACH WITHIN 0o41 AU OF EARTH

1965-1975

Comet

Encke

Encke

Honda-Mrkos-Pajdusakova

Honda-Mrkos-Pajdusakova

Perrine-Mrkos

Date of Nearest

Approach

(_ 3 days)

11/30/70

6/12/74

8/14/69

2/9/75

11/14/68

Distance

(AU)

0.41

0.37

0.28

0.23

0.33
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2. SUMMARY OF RESULTS

2.1 Missions of Primary Interest (Chrgnological Summary Table)

Table 3 is a chronological summary table of the missions

of primary interest. The first column gives the comet name and

perihelion date. The second column gives the date at the beginning

of the 30 day launch window; AV is the ideal velocity sufficient

for launch anytime within this launch window, and TF is the time

of flight range for the window. Note that the launch window is

determined by sighting, as well as trajectory considerations.

Normally the first flight takes the longest time; thus the launch

on 3/30/67 for Tempel 2 has a flight time of 135 days, and

arrives one day before perihelion. The arrival date of a flight

launched at the beginning of the launch window is given in the

third column; the spacecraft to comet closing velocity VHP is

also given as is the Earth to comet communications distance RC

at time of intercept.

The magnitude data given in the sighting data summary,

columns 4 and 5, is very approximate and must be used as an

indication of the brightness rather than as an exact figure.

Column 4 gives the expected comet magnitude 60 days before launch,

and the number of hours the comet would be above the horizon in

the night sky for an observer at Earth latitudes + 25 ° and - 25 °

Column 5 gives the corresponding data for the comet at intercept.

The last column gives some general comments on the particular

mission. The data used for the magnitude calculation is included

in Section 7, Sighting Calculations.
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Of the six missions in 1965-1975 the first, to Tempel 2,

is very attractive since Tempel 2 is a bright comet of reasonable

scientific interest, for which the recovery and sighting are

excellent. It would probably be possible to recover Tempel 2

by 11/30/67, four months before launch; the extra two months of

tracking, over the chosen minimum of two months, could greatly

contribute to probable mission success.

Another attractive mission would be a shot to Encke in

1974. Encke brightens relatively rapidly as it approaches the

Sun making early recovery difficult; however since Encke is very

well known this would not be prohibitive. The required

AV = 47,700 ft/sec for the short time of flight window is rather

high, but by 1974 should not be any problem. The very high

closing velocity, 35 to 38 km/sec, would be a serious problem,

since this implies that a i00,000 km (coma) distance would be

traversed in one hour or lesso The high closing velocity also

implies a high sensitivity to injection velocity errors° The

similarity of Encke 1974 and Halley missions, especially in

approach velocity, geometry of intercept and flight time is

another reason for seriously considering Encke in 1974.

Of the other five comets in Table 3, Halley is, of course,

of very special interest due to the wealth of data already avail-

able and Halley's extreme activity. Kopff is on the list because

of the low energy requirement and not because of any special

scientific interest. The other three are reasonably interesting

scientifically and not unreasonably difficult shots.
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2.2 Missions of Secondary Interest

Table 4 is a chronological summary table of missions of

secondary interest; its form is identical to that of Table 3.

Table 4 contains possible missions in which there is some

interest, but not as much as in the missions of Table 3. All

comets for which there are launch windows of TF _ 400 days and

AV _ 53,000 ft/sec (after accounting for recovery and sighting

restrictions) are included in Table 4. Schwassmann-Wachmann i,

for which the flight time is 950 days, is included as a special

case, since its perihelion distance of 5.4 AU rules out any lower

energy, shorter flights. Because of its observed fluctuations

in magnitude it is of considerable scientific interest.

2.3 All Missions (Alphabetical Summary Table)

Table 5 is a listing of all perihelia; if the ideal

velocity requirements are greater than 53,000 ft/sec for TF < 400 days

the mission interest is given as low_ if not the mission interest

is primary or secondary, and the mission described in Tables 3

or 4. The comment on the low interest missions state the first

reason for eliminating the mission; for example, a mission

eliminated because of AV requirements alone might or might not

also have recovery problems.

lIT RESEARCM INSTITUTE
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Table 5

ALPHABETICAL SUMMARY TABLE OF ALL COMET PERIHELIA

Comet Name

Perihelion Date

Mission

Interest Comments

Arend

6/14/67

5/26/75

Arend-Rigaux

4/1/71

Ashbrook-Jackson

3/1/71

Borrelly

6/17/67

5/11/74

Brooks 2

3/11/67

1/4/74

Comas-Sola

10/30/69

Daniel

5/31/71

D'Arrest

5/13/70

Low

Low

Low

Low

Low

Low

Low

Secondary

Low

Low

Secondary

Late recovery forces
AV > i00,000 ft/sec

Late recovery forces
AV > 90,000 ft/sec

Late recovery forces
AV > 53,000 ft/sec

Not visible near perihelion

AV > 75,000 ft/sec

Late recovery forces
AV > 60,000 ft/sec

Late recovery forces
AV _ 55,000 ft/sec

See Table 4

AV > 54,000 ft/sec

Late recovery forces
AV > 75,000 ft/sec

See Table 4
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Table 5 (Cont'd)

Comet Name

Perihelion Date

Mission

Interest Comments

Encke

9/21/67

1/9/71

4/28/74

Faye

10/7/69

Finlay

7/30/67

718/74

Forbes

12/21/67

5/19/67

Giacobini-Zinner

3/27/66

8/3/72

Grigg-Skjellerup

1/15/67

3/1/72

Halley

iI,-186

Low

Secondary

Primary

Low

Low

Low

Low

Low

Low

Secondary

Low

Low

Primary

Late recovery forces

AV > 65,000 ft/sec

See Table 4

See Table 3

AV > 53,000 ft/sec

Late recovery forces

AV > 55,000 ft/sec

Late recovery forces

AV > 55,000 ft/sec

Late recovery forces
AV > 70,000 ft/sec

Late recovery forces
AV > 55,000 ft/sec

AV > 70,000 ft/sec

See Table 4

Late recovery forces

AV > 75,000 ft/sec

Late recovery forces

AV > 65,000 ft/sec

See Table 3

|ll RESEARCH INSTITUTE
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Table 5 (Cont'd)

Comet Name Mission

Perihelion Date Interest Comments

Harrington

4/23/67 Low

2/17/74 Low

Harrington-Abel i

5/23/69 Low

Honda-Mrko s -Paj dus akova

9/25/69 Low

12/31/74 Secondary

Johnson

3/24/70 Low

Kopff

10/6/70 Primary

Neujmin i

12/9/66 Low

Neujmin 3

5/12/72 Low

Perrine=Mrkos

10/31/68 Primary

8/2/75 Low

Pons-Winnecke Primary

7/18/70

Late recovery forces

AV > 90,000 ft/sec

Late recovery forces
AV >i00,000 ft/sec

Late recovery forces
AV > 75,000 ft/sec

Late recovery forces

AV > 53,000 ft/sec

See Table 4

Not visible near perihelion

See Table 3

Late recovery forces
AV > 52,000 ft/sec

AV > 52,000 ft/sec

See Table 3

AV > 60,000 ft/sec

See Table 3
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Table 5 (Cont'd)

Comet Name Mission

Perihelion Date Interest Comments

Reinmuth i

8/6/65 Low

3/20/73 Secondary

Reinmuth 2

8/18/67 Low

5/8/74 Low

Sc haumas se

7/3/68 Low

Schwassmann-Wachmann i

1/30/74 Secondary

Schwassmann-Wachmann 2

3/31/68 Primary

9/10/74 Low

Tempel 2

8/13/67 Primary

11/13/72 Secondary

Tuttle

4/16/67 Low

Tuttle-Giacobini-Kresak

11/12/67 Low

6/7/73 Low

Late recovery forces
AV > 53,000 ft/sec

See Table 4

AV > 53,000 ft/sec

Not visible near launch

or perihelion

Late recovery forces

AV _ 55,000 ft/sec

See Table 4

See Table 3

Not visible near recovery

or perihelion

See Table 3

See Table 4

Late recovery forces

AV > 60,000 ft/sec

AV _ 53,000 ft/sec

Late recovery forces

AV _ 54,000 ft/sec

|11" RESEARCH iNSTITUTE
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Table 5 (Cont'd)

Comet Name

Perihelion Date

Mission

Interest Comments

Vaisala i

9/13/71

Whipple

10/10/70

Wirtanen

12/15/67

7/6/74

Wolf-Harrington

2/14/65

8/31/71

Wolf i

8/30/67

Low

Low

Secondary

Low

Secondary

Low

Low

Late recovery forces

AV _ 60,000 ft/sec

AV > 53,000 ft/sec

See Table 4

AV > 55,000 ft/sec

See Table 4

AV > 65,000 ft/sec

AV > 60,000 ft/sec

Ill RESEARCH INSTITUTE
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3. CONCLUSIONS

The first conclusion is that there do not seem to be any

outstanding, easy missions to the well known periodic comets in

the next ten years. Tempel 2, with a 1967 launch, is probably

the most feasible mission; however, 1967 may be too early for

serious consideration. The shot to Encke in 1974 is very inter-

esting; the main problems for that mission would be the high

closing velocity, and sighting. One very easy mission, to comet

Kopff in 1970, is available; this comet might be useful for a

first exploratory shot, as a prelude to other missions.

The second conclusion is that any analysis of comet missions

must take careful account of perturbations and sighting; ignoring

perturbation effects leads to completely erroneous trajectory

data; recovery and sighting constraints are the strongest factor

in differentiating possible from impractical missions.

A third conclusion is that, to interpret the trajectory

and sighting data, careful consideration must be given to each

comet on an individual basis; furthermore the possible scientific

value of the missions can and should be a strong influence on

the final assessment of any particular mission priority.

There are at least three possible extensions of this study

which should be considered:

i) Extension to 1985

2) Inclusion of other periodic comets

3) Inclusion of new comets.

liT RESEARCH INSTITUTE
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The first could be done directly with the sighting and trajectory

computations, since the perturbation calculations have already

been done to 1985. This would give a complete picture leading

to a mission to Halley's comet in 1986.

The inclusion of other periodic comets is more difficult,

since this study attempted to include all the well known comets;

however, it is possible that there are a few other periodic

comets, not as well known as the ones included in this study,

which might be considered.

The possible inclusion of new comets is a somewhat different

study. The new comets are particularly interesting in that they

are often bright and active; however, since they cannot be pre-

dicted in advance any mission of that type implies a pre-built

spacecraft and vehicle, on the shelf, waiting for discovery of

the comet. It might be worthwhile, however, to survey the last

few decades and ascertain if there would have been any very

feasible missions of this type.

liT RESEARCH iNSTiTUTE
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4. COMET ORBITAL ELEMENTS

The basic source of initial orbital elements was Porter's

Catalogue (Porter 1961). Those comets listed by Porter which

had perihelia for 1965 to 1975 were considered if, in general,

the comet had been seen for at least two different perihelia.

Wherever later elements were found in the BAAH, either from ob-

servations or perturbation calculations, these were used rather

than Porter's elements. The epoch* of the starting date for the

NBODY calculations were chosen to be the nearest even 50 Julian

days to the published data. The source of initial elements for

each comet, as well as the osculating elements themselves for

the epoch of each perihelion, are shown in Table 6. The initial

elements appear in Appendix I as the first line for each comet.

The epoch for a set of orbital elements is the day on which
the elements are valid. Since the orbital elements for the

comets usually change very slowly near perihelion it is valid
to use the elements of the comets' orbit, for the epoch of

perihelion, at any time within a hundred days of perihelion.

liT RESEARCH INSTITUTE
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5. PERTURBATION CALCULATIONS

The perturbation calculations were carried out in the

following manner:

The initial orbital elements were processed by the

BNBODY code to convert from the standard heliocentric ecliptic

coordinate system into the heliocentric equatorial system, and

to punch out the complete input for the Lewis NBODY code.

Using this input data the comet motion was determined from the

date of the orbital elements through 1985 with the NBODY code.

The NBODY code (Strack and Huff, 1963; Dobson, Huff

and Zimmerman, 1962) as used in this study numerically inte-

grates the equations of motion of the comet under the

influences of the gravitational fields of the Sun and the

planets Mercury through Uranus° The computations are done

on the IBM 7090 computer using a fourth order Runge-Kutta

integration method with variable step sizes. The coordinate

system was equatorial, referenced to the equator and equinox

of 1950.0. Integration variables used were the comet orbital

elements. The planet positions were calculated using the ellipti-

cal elements for the planets given in Table i of the Strack

and Huff report. The output of NBODY was modified to provide

the osculating orbital elements for the comets in heliocentric

ecliptic coordinates. Appendix i contains the computed oscu-

lating orbital elements for the comets considered, through to

1985.
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As an example of the calculation results, Table 7 shows

orbital elements from a perturbation calculation on the comet

Harrington-Abell. Harrington-Abell passes within 0.083 AU of

the planet Jupiter in April 14, 1974. This near approach to

Jupiter results in a change of nearly 4 months in the perihelion

time and large changes in other orbital parameters. Note that

the change in perihelion time is gradual and extended over 5

or 6 years starting in 1970, while the change in the other

orbital elements occur primarily between 2/74, 2 months before

closest approach to Jupiter, and 9/74, 5 months after. During

this period the perihelion time changes by 45 days while the

period changes by 2.8 years, and the inclination by 8° . The

comet passes through perihelion in 1976 and between 1976 and

1986 and the time of the next perihelion advances only i0

days.

The key point of the perturbation studies, from the

point of view of comet mission analysis, is the change in the

perihelion time as the comet traverses its orbit; if the comet

were influenced by the gravitational field of the Sun alone

the perihelia would occur periodically, being separated in

time by the units of the (constant) period of the comet.

However, due to the influence of the gravitational fields of

the planets, all of the orbital elements are perturbed and

continuously changing. The change in perihelion time is

normally the parameter which most strongly affect the tra-

jectory and sighting calculations. Table 8 illustrates the

lit RESEARCH INSTITUTE
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magnitudes of the changes in perihelion time. The perihelion

dates in the STL report (STL, 1963) were calculated by adding

increments of one period to the previously observed comet

perihelion dates. These perihelion dates are compared in the

table with the more accurate dates as calculated by the NBODY

code. Only 1965 to 1975 dates from the STL report are inclu-

ded. The average difference in the 46 perihelia is 42 days.

If perihelia beyond 1975 are considered the differences are

even larger. Note that for some comets, such as Grigg-

Skjellerup and Perrine-Mrkos, the propagation of an early

change in period shows as an increasing error in perihelion

time.

To check out the capabilities of the NBODY code for

_^ "_ " publi...... + the calculated,..... 6 ....... _crturbatlon studies, shed

post-perturbation elements for six comets were checked against

NBODY calculated post-perturbation elements; Table 9 shows

the excellent agreement obtained. The agreement should not

be expected to be exact since the published work used dif-

ferent position data for the planets, and different integration

procedures. Furthermore the initial data used for the published

Arend-Rigaux calculations were not available.

The following comets were checked:

Arend-Rigaux

Daniel

Faye

Neujmin 3

Oterma

II!" RESEARCH iNSTITUTE
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Perrine-Mrkos

Column i lists the initial data. Column 2 gives the NBODY cal-

culated post-perturbation elements. A comparison of Columns i

and 2 then shows the change in the elements through the per-

turbation. Column 3 gives the published post-perturbation

elements. A comparison of Columns 2 and 3 indicates the agreement

between the NBODY results and the published results.
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COMPARISON

Table 8

OF STL (UNPERTURBED)

DATES: 1965-1975

AND PERTURBED

PERIHELIA

PERIHELION

Comet
STL

Perihelion Date

Perturbed

Perihelion Date
Change in

Perihelion Date

Arend

Arend-Rigaux

Borrelly

Brooks 2

Comas Sola

Daniel

D'Arrest

Encke

Faye

Finlay

Forbes

Giacobini-

Zinner

Grigg-

Skjellerup

Harrington

H_da-Mrkos-

Pajdusakova

6/17/67

4/2/75

2/9/71

6/20/67

6/28/74

3/8/67

11/26/73

11/4/69

8/18/70

7/11/70

9/12/67

12/31/70

4/19/74

12/29/69

7/25/67

6/17/74

12/21/67
5/23/74

3/27/66

8/26/72

11/24/66

10/19/71

4/18/67

2/4/74

9/24/69

12/10/74

lit RESEARCH INS

6/14/67

5/26/75

4/1/71

6/17/67

5/11/74

3/11/67

1/4/74

10/30/69

5/31/71

5/13/70

9/21/67

1/9/71

4/28/74

10/7/69

7/30/67

7/8/74

12/21/67

5/19/74

3/27/66

8/3/72

1/15/67

3/1/72

4/23/67

2/17/74

9/25/69

12/31/74

TIIUTE

-3

+54

+51

-3

-48

+3

+39

-4

+286

-59

+9

+9

+9

-83

+5

+21

0

-4

0

-23

+52

+134

+5

+13

+i

+21
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Table 8 (Cont'd)

Comet
STL

Perihelion Date

Perturbed

Perihelion Date
Change in

Perihelion Date

Kopff

Neujmin i

Perrine-

Mrkos

Pons-

Winnecke

Reinmuth i

Reinmuth 2

Schaumasse

Schwassmann-

Wachmann 2

Tempel 2

Tuttle

Tuttle-Giacobini-

Kresak

Vaisala i

Wirtanen

Wolf-

Harrington

9/7/70

12/5/66

9/2/68

2/19/75

7/9/70

11/7/65

7/14/73

8/11/67

4/27/74

6/22/68

3/18/68

9/29/74

8/18/67

11/22/72

1/26/67

10/19/67

4/13/73

10/25/70

12/15/67

8/16/74

2/13/65

8/19/71

10/6/70

12/9/66

10/31/68

8/2/75

7/18/70

8/6/65

3/20/73

8/18/67

5/8/74

7/3/68

3/13/68

9/10/74

8/13/67

11/13/72

4/1 :/67

9/2/67

4/16/73

9/13/71

12/15/67

7/6/74

2/14/65

8/31/71

+29

+4

+59

+164

+9

-93

-116

+7

+ii

+Ii

-5

J_

-5

-9

+8_.

-47

+3

+323

0

-41

+i

+12

Average difference = 42 days

|11" RESEARCH INSTITUTE

29



Table 9

NBODY PERTURBATION CHECK

COMET AREND-RIGAUX

Perturbing Bodies: Mercury, Venus, Earth, Mars,

Jupiter, Saturn

NBODY Calculated Post- Published 2 Post-

Initial Data I Perturbation Data Perturbation Data

Epoch 9/8/57 9/16/63 9/18/63

w (deg) 326.40 328.88 328.86

(deg) 124.65 121.66 121.61

i (deg) 17.20 17.85 17.85

q (AU) 1.385 1.436 1.437

e .6107 .6008 .6002

a (AU) 3.559 3.597 3.594

T (yrs) 6.713 6.823 6.813

rp 5/27/64 6/8.9/64 6/3.4/64

1 Porter, 1961

2 Christison and Gibbons, 1963

Epoch

w (deg)

(deg)

i (deg)

q (AU)

e

a (AN)

T (yrs)

Tp

COMET DANIEL

Perturbing Bodies: Earth, Jupiter, Saturn

Initial Data I

8/23/50

7.25

69 75

19 70

1 465

5863

3 540

6 662

12/25/63

i Marsden, 1963

NBODY Calculated Post-

Perturbation Data

5/4/64

i0.79

68.52

20.13

1.661

.5501

3.693

7.093

4/21.8/64

Published I Post-

Perturbation Data

5/5/64

10.97

68.52

20.14

1.661

.5500

3.692

7.094

4/21.7/64

IlI RESEARCH INSTITUTE
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Table 9 (Cont'd)

COMET FAYE

Perturbing Bodies: Mercury through Uranus

Initial Data I
NBODY Calculated Post-

Perturbation Data

Epoch 8/3/47 5/17/62

w (deg) 200.53 203.78

(deg) 206.35 198.95

i (deg) 10.53 9.07

q (AU) 1.66 1.61

e .5637 .5757

a (AU) 3.812 3.791

T (yrs) 7.45 7.38

Tp 8/22/62 5/12.4/62

Published 2 Post-

Perturbation Data

5/16/62

203.56

199.12

9.09

1.61

.5757

3.790

7.38

5/14.7/62

i Bulletin of the Institute of Theoretical Astronomy of
Leningrad 1959, Vol. VII N. 6 (89)

2 Khanina, 1961

COMET NEUJMIN 3

Perturbing Bodies: Venus, Earth, Jupiter, Saturn

Initial Data I
NBODY Calculated Post-

Perturbation Data

Published 2 Post-

Perturbation Data

Epoch 5/28/51 12/7/61 12/7/61

w (deg) 144.81 147.68 147.65

(deg) 156.20 150.61 150.68

i (deg) 3.76 3.86 3.86

q (AU) 2. 032 i. 969 1.970

e .5880 .5913 .5910

a (AU) 4. 931 4. 816 4. 817

T (yrs) i0.95 i0.57 I0.57

Tp 5/19/62 12/1.2/61 12/2.5/61

i Julian, 1951, with a correction factor of -1.47 days to the
date of perihelion

2 Egerton and Julian, 1962
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Table 9 (Cont'd)

COMET OTERMA

Perturbing Bodies: Venus, Earth, Mars, Jupiter, Saturn

Initial Data I

Epoch 3/7/60

w (deg) 356.4

g (deg) 154.9

i (deg) 4.0

q (AU) 3. 394

e .147

a (AU) 3.978

T (yrs) 7.93

M (deg) 78.0

NBODY Calculated Post-

Perturbation Data

Published I Post-

Perturbation Data

3/15/66 3/16/66

50.6 52.1

332,8 332.4

1.96 1.9

5.358 5.383

0.249 0.250

7.17 7.18

19.2 19.2

41.8 41.0

i Marsden, 1961

Epoch

COMET PERRINE-MRKOS

Perturbing Bodies: Jupiter, Saturn

Initial Data I

9/30/55

w (deg) 167.78

(deg) 242.56

i (deg) 15o88

q (AU) 1.154

e .6675

a (AU) 3.471

T (yrs) 6.466

T 3/15.5/62
P

NBODY Calculated Post-

Perturbation Data

Published 2 Post-

Perturbation Data

i Prof. H. Hirose UAIC 1534

2 Julian and Egerton, 1961

3/17/62 2/25/62

165.93 165.95

240.28 240.27

17.74 17.74

1.268 ......

.6434 .6435

3.557 3.556

6.708

2/13.0/62
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6. TRAJECTORY CALCULATIONS

The first step in the trajectory analysis was to determine

the minimum energy flights to the comets. For each comet a

survey was run on the IBM 7090 computer of the parameters for

Earth-to-comet one way ballistic flights. Times of flight of

up to 400 days and launch dates from 500 days before perihelion

until i00 days after perihelion were considered.

Figure i, for example, is a plot of the minimum ideal

velocity for flights to comet Encke vs. launch date, for the

1974 perihelion. Encke is a particularly complex case in that

there are four different launch windows. However, the first

two of these launch windows are eliminated from consideration

because Encke is fainter than magnitude 20 until near the

middle of the third launch window. Thus only the launch windows

III and IV are of practical interest. (Since Encke is a very

well known comet the requirement of 60 days between magnitude 20

and launch probably should be relaxed; as a result window III

is not ruled out finally.)

Figure 2 is a plot of minimum AV and the corresponding

TF, VHP and RC for the Encke launch window IV. From this figure

the parameters for minimum energy launch on any day may be

obtained. For example on 2/22/74 the minimum ideal velocity

is 46,800 ft/sec; the 46,800 ft/sec launch has a flight time

TF of 94 days, an Earth to Encke distance at intercept of 0.41AU

and a spacecraft to Encke closing velocity VHP of 35.0 km/sec.

liT RESEARCH INSTITUTE

33



For a 30 day launch window, beginning on 2/6/74, AV = 47,600 ft/sec,

TF = 82-108 days, RC = 0.40 - 0.42 and VHP = 34-36 km/sec.

Table I0 is a summary table of the data for each of the

four launch windows for Encke, and Table ii is a summary of the

30 day launch window data for all of comets; however, it must be

stressed that recovery problems make it impractical to launch

during most of these windows. In Section 2, "Summary of Results",

are listed the actual trajectory parameters required for launches

to the comets, when the recovery and sighting restrictions have

been accounted for.

The superscript "b" in the table indicates a launch window

broken by the presence of a high energy spike corresponding to

the transition between trajectories of flight angle HCA< 180 °

(Type I) and HCA > 180 ° (Type II). Figure 3 for the comet Honda-

Mrkos-Pajdusakova is an example of such a broken launch window.

The values of AV in the table are sufficient for 30 launch days

surrounding the break; that is, if for two days the AV require-

ment is high during the launch window the AV in the table is

for a 32 day wide window.

liT RESEARCH INSTITUTE

34



_Z

=eC

J

,,,==..._

H

0
0
o
8

/

u_
>..

cl

0 0 0 O
O 0 0 O
o o o o
o _" o"

zo

n,-
W
Q.

,t
-- l_ h-

x
(J
Z
b.l

I.-
(_; b4
oJ

O
-- u

0
I.-

0 (.9
_ _ "5

Z _ e¢
_ _ 0

J

>*
I.-

o
0

,q- _j

_J

w

N

o_- _
0 0
o q
0

(0_18/1 -I) AV AIlOOT:IA 7V_IOI

35



/
03 I_
rO rq

J

/

/
J

0,,I

!

tl.l

0
Z

N

._1

(03S/IN >1) dHA

oJ

M')

J

d o d o o d

/

/

(nv) o a

/
/

oJ

lq3

r_3

o4

oJ

t_

Od

,¢
OJ

Od

OJ

N

!

I--
¢l
t3

"I-
0

Z

<[
_I

04

IzJ
n,-

(.9

LI.

h-
Oh

I

LIJ
t--

"t-
O
Z

H
0
E3
Z

i
"1-
0

Z

..J

I

0

h-

-J
h

0

I,LI
I--
W

_ •

h-
I-

._1

L

o
o

o
o

0
0

o o _ o°.

(03S/±_) AV

0 0 0 0 0 0
ol -- 0 O_ O0 h-

3t'



4 '

,\
I

I

7F

a

o

o
o
o

0
o
0

I

|

I

I

i

N 0

(C)3 S/I_I_) dHA

I,-.
(kl

h.

(D

I',.-

(D

N

a0

/
/

/

0 0 0
0 0 0
o o o

(33S/13) AV

I

w
i-

0

1-

Z

_,.I

0 0

e_

t",-

h,

¢)

I

-- I--
.¢
r_

T
¢.)

_J

(s;,v (]) aJ.

37

<[
>
0

o0

c:3

<[
_L
!

0

7
0

0

F--

l,g

--I
U.

n,-
W

u_

n,,

--I



0

0

¢d

o_

I

o_

I.=

0

.,0

,_o
4J

4J

0

V

0

V

V

c_

I-I._ .IJ
o_

o

0 0 0 •

cM

0
• O0 0

P,I I--I 0") I
I o • 0

A

o") ,,,D
¢',,I _ re)

! I 00 6
¢',,1 _ e,I

u'_ 0 0 00
eel r,- 0

I I i I
0 _ 0 ¢",1
O0 0'_ ',d" CO
¢"') _--i 0,1

0 0 0 0
0 0 0 0

I--4 _ I--4

lit RESEARCH INSTITUTE

38



Table ii

MINIMUM ENERGY LAUNCH WINDOWS (WITHOUT CONSIDERATION

OF SIGHTING CONSTRAINTS)

Comet Name AV TF

Perihelion Date (ft/sec) (days)

Beginning
VHP RC of Launch

(km/sec) (AU) Window

First Flight
Arrival

(relative to

perihelion)

Arend

6/14/67 43,800 b 345-375

5/26/75 44,200 b 310-340

Arend-Rigaux

4/1/71 42,000

Ashbrook Jackson

3/1/71 44,900

Borrelly

6/17/67 > 75,000
5/11/74 42,100

Brooks 2

3/11/67 42,800 b

1/4/74 43,700

Comas Sola

10/30/69 >54,000

Daniel

5/31/71 42,800

D'Arrest

5/13/70 52,400

Encke

9/21/67 46,650

1/9/71 45,400

1/9/71 45,900

4/28/74 44,400

4/28/74 47,600

12-13 3.0 3/1/66

13 2.9 3/9/74

310-335 13.7-14.2 2.1 6/12/70

370-400 8.5-9.5 3.3 3/11/70

100-300 Of no interest

405-430 18.7 2.3 3/12/73

320-345 8.7 2.6 2/23/66

230-240 9.4-10.5 1.9-2 4/16/73

100-300 Of no interest

360-390 12 2°7 4/18/70

205-230 15.5 1.5 9/24/69

180-210 38.5 1o3 1/25/67

280-310 27.4-27°9 0o41 1/18/70

110-140 29oi-29.8 0°43 6/30/70

240-270 28 0°38 9/13/73

82-108 34-36 0o40_0.42 2/6/74
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95 days before

103 days before

42 days after

45 days after

5 days after

36 days before

23 days before

18 days before

I day before

29 days before

46 days before

53 days before

43 days after

31 days after
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Table ii (Cont'd)

Comet Name AV TF VHP

Perihelion Date (ft/sec) (days) (km/sec)

Beginning First Flight
RC of Launch Arrival

(AU) Window (relative to

perihe lion

Faye

10/7/69

Finlay

7/30/67
7/8/74

Forbes

12/21/67

5/19/74

53,000 100-400 Of no interest

44,250 230-260 11.8 i.i 11/7/66

46,900 220-240 12-13 1.34 11/2/73

44,500

51,400

Giacobini-

ginner

3/27/66 > 70,000

8/3/72 41,800

Grigg-Skj e i lerup

1/15/67 42,700
3/i/72 40,900

86 days after

250-275 14-16 2.4-2.5 ll/g /66 133 days before

Arrives year after perihelion - of no interest

100-300 Of no interest

260-290 22-23 .99 10/24/71

230-260 16-17 1.5 4/29/66

260-290 14-16 .87 5/18/71

Halley

5/1/86 42,500 210 22 1.25 7/85

Harrington

4/23/67 43,200 365-405 8.9-9.6 2.8 12/15/65

2/17/74 43,000 b 280-310 11.6-12.3 2.4 1/10/73

Harrington-Abell

5/23/69 43,000 b

6 days after

315-340 11.1-11.5 2.7 7/25/68

i day before

8 days after

40 days after

89 days before

94 days before

Honda-Mrkos-Pajdusakova

9/25/69 43,750 b ii0-150 12-16 .81 4/28/69-
6/4/69*

12/31/74 46,900 75-100 24-27 .23 10/26/74

13 days after

62 days after

34 days after

* 38 day broken launch window with 8 day break
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Comet Name AV

Perihelion Date (ft/sec)

Table ii (Cont'd)

TF VHP RC

(days) (km/sec) (AU)

Beginning
of Launch

Window

First Flight
Arrival

(relative to

perihelion_

Johnson

3/24/70 44,700

Kopff

10/6/70 41,900

Neujmin I

12/9/66 41,700

Neujmin 3

........ > 52,000

Perrine-Mrkos

10/31/68 45,400

8/2/75 > 60,000

Pons-Winnecke

7/18/70 40,800

Reinmuth i

8/6/65 43,900

3/20/73 46,800

Reinmuth 2

8/18/67 > 53,000

5/8/74 44,300

Schaumasse

7/3/68 41,900

Schwassmann-Wachmann i

1/30/74 51,900

54,300

Schwassmann-Wachmann 2

3/13/68 46,250

9/10/74 44,500

335-365 9-10 3.2 1/11/69

285-315 9.2-9.8 1.8-2o0 12/22/69

305-320 13.2-13.7 2.1 2/10/66

100-400 Of no interest

195-225 12-13o5 0.33 4/4/68

100-400 Of no interest

180-210 14-16 0.63 12128169

350-375 8°8-9 3.0

195-205 9.5-11.5 1.7-2

6/30/64

9/23/72

100-400 Of no interest

355-390 8.9-9_3 3.1 12/30/72

340-360 11o2-11o5 2.3 4/19/67

920-950 6.8-7 4.5-5

600-700 8.5-11.5 5-6.5

2/3/71

3/5/72

245-265

420-430

7.2-8.8 2.5-3 9/18/67

7.9-8.2 2.9-3.1 6/26/73
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72 days before

27 days after

18 days after

15 days after

8 days after

27 days before

27 days after

104 days before

112 days before

142 days before

4 days after

88 days after

23 days before
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Table ii (Cont'd)

Comet Name AV

Perihelion Date (ft/sec)

TF

(days)

I "

VHP RC

(km/sec) (AU)

Beginning
of Launch

Window

Tempe i 2

8/13/67 43,000
11/13/72 41,300

110-135 11o3-12 0°42

315=340 I0oi 1o8
3/30/67
11/23/71

Tuttle

4/16/67 41,000 370-400 31-33 1.5 2/19/66

Tut t le®Giacobini-Kresak

11/12/67 > 53,000

6/17/73 40,750

50-400 Of no interest

245-275 12o5 i 7/28/72

Vaisala

9/13/71 45,000 260-280 14-16 2.7 8/23/70

Whipple

10110170 > 53,000 150-400 Of no interest

Wirtanen

12/15/67 45,300

7/6/74 > 55,000

145-165 10.1-10.7 i-i.i

100-400 Of no interest

8/14/67

Wo if-Harrington

2/14/65 42,500

8131171 > 65,000
200-230 12.2-12.4 1.4

100-300 Of no interest

6/20/64

Wolf i

8/30/67 > 60,000 100-300 Of no interest

First Flight
Arrival

(relative to

perihelion)

i day before
16 days before

21 days before

49 days before

106 days after

42 days after

9 days before
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7. SIGHTING

The general problem of optically recovering and tracking

a comet is referred to as the "sighting" problem° Sighting is

a major consideration in comet mission studies; for example,

of the 56 comet perihelia considered in this study 27 were

eliminated because of recovery or sighting problems.

Because of (i) perturbing effects of the planets, notably

Jupiter, on comet orbits, and (2) other accelerations in the

comet motion, and (3) inaccuracies in the comet orbital elements,

comet orbits are not well enough known to permit considering

launch to a comet without first optically recovering and

tracking the comet. Perturbation calculations are usually

sufficient to enable an observer to recover a comet; however,

the precision of intercept required for a successful mission,

typically i0,000 km miss distance, or less, requires a much

more precise knowledge of the comet orbit.

After the comet has been recovered and tracked there is

another critical sighting period, the time of probe encounter.

Since one would wish to corroborate scientific experimental

data from the spacecraft with visual observation, a daily

period of viewing around intercept time is necessary. It would

also be desirable for encounter to occur at a time of actual

observation; if this is not possible then a period of viewing

on the same day would probably be sufficient.
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To determine in a quantitative manner the sighting

characteristics of each comet perihelion, criterion were es-

tablished that would realistically delineate those comets with

easy or difficult sighting problems. At estimated recovery

time it was required that the comet be of magnitude 20 or

below (Roemer, 1961) since this is the upper working limit

on most larger telescopes. The magnitudes were calculated

from brightness equations derived from the British Astronomi-

cal Association Handbook. Based on empirical evidence from

previous observation, the Handbook gives an equation for the

magnitude M of the comet; typically, this equation is of the

form M = M ° + 15 log r + 5 log A, where M ° is a brightness

number individual to each comet, r is the Sun-comet distance

in AU, and A is the Earth-comet distance also in AU. This

data, coupled with knowledge of previous apparitions, pro-

vides a method of estimating whether a comet will be bright

enough for recovery.

The second criterion for recoverability was that of

visible hours, that is, how many hours will a comet be above

the horizon in the night sky; specifically excluded are

daytime and twilight hours. There are two determining fac-

tors in the visible hours calculation.

i) How close to the Sun is the comet as seen

from _he Earth, that is, how close to con-

junction is the comet?

2) From what Earth latitude is the observation

being made?
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The declination of the comet to the Earth's equatorial

plane will determine the latitude which is most suited for ob-

servation; however the question remains of Sun interference

with the sighting° This question is complicated since the

duration of twilight varies greatly from latitude to latitude

and from month to month° For instance at 50 ° No latitude dur-

ing the summer solstice twilight lasts all night so that even

if the comet were circumpolar for that latitude it would still

never be visible, unless it were very bright. Thus if the

comet is in conjunction with the Sun it may come above the

horizon only in the daylight hours, or a comet may be (angu-

larly)far from the Sun, yet viewing at a given latitude may be

prevented because of long twilight times.

It was estimated that one to two hours would be

needed, exclusive of twilight, to complete a search for a

comet at estimated recovery, and to photograph the image of

the comet. This allows time for positioning the telescope,

and the fact that observations within 15 ° of the horizon

would introduce atmospheric distortion.

The problem of seeing the comet at intercept is

somewhat similar; however, the faintness of magnitude 20 is

not a restriction here because intercept occurs near peri-

helion when the comet is relatively bright. Thus at intercept

the question is whether there will be sufficient night time

observation at a particular latitude°
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The preceding problem was coded in Fortran II as the

SIGHT program for the IBM 7090 computer; SIGHT computes, for

a range of latitudes on Earth, the number of hours per day

that an object will be above the horizon in the night sky.

From this information, and a knowledge of the peculiarities

of each comet, it was estimated when each comet could be

recovered and how visible the comet would be at intercept.

The interplay between the sighting question and the

energy requirements for a mission is of the greatest interest.

It was assumed that a two month period is necessary between

recovery and first possible launch, to allow for tracking and

launch pad operations; for many comets the combinations of

late recovery and two months delay will make missions with

any current vehicle out of the question. In any case, re-

covery criteria were responsible for the majority of the

comets that were removed from further consideration.

In the tables listed in Section 2 sighting data for

the primary and secondary interest missions are listed. The

visible hours specify what viewing time will be at middle

latitudes (_ 25°); in general if there is an advantage to be

gained by observing in the northern or southern hemisphere

it will show up here. In that table only the latitudes T 25 °

are given but in the study a range of latitude from _ 50 °

were examined.

Consider an example that typifies the problems

encountered in this area. To this example, comet Encke on
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its 1971 passage, the sighting criteria will be applied exactly

to give an idea of the problems encountered and their ramifi-

cations. In actual fact the use of criteria were tempered

somewhat by individual comet peculiarities° For instance,

since Encke has a well known orbit, a full two months might

not be required for observation, that is, its orbit might be

sufficiently determined in only a month or less.

The minimum energy launch window for Encke's 1971

perihelion begins on 6/30/70, with a AV = 45,900 ft/sec. To

determine if launch could occur on 6/30/70 consider the sight-

ing conditions two months before 6/30/70. For Encke on

4/30/70 there are the following sighting parameters:

Magnitude = 22; Earth-Comet distance = 3.9 AU;

Comet-Sun distance = 3.1 AU;

Visible hours, + 25 o = 0.26; Visible hours, - 25 ° = 0.77.

There is no advantage in other latitudes because - 25 ° latitude

recorded the highest visible hours. We would conclude then

from our criteria that Encke will not be seen because its mag-

nitude is above 20 and there is not 2 hours viewing time.

On 6/26/70 however conditions have changed signifi-

cantly. The sighting parameters then are:

Magnitude = 20; Earth-Comet distance = 2.9 AU

Comet-Sun distance = 2.7 AU

Visible hours, + 25 ° = 3o0; Visible hours - 25 ° = 3.8.

Encke at this time satisfies all recovery criteria

so that launches on or after 8/26/70, two months after recovery,
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can now be considered. This will force a launch on non-minimum

energy trajectories with a &V = 50,900 ft/sec for a 30 day win-

dow starting in 8/26/70°

Figures 4 and 5 demonstrate the physical situation

in this example° Figure 4 plots, on the ecliptic plane, the

heliocentric longitude and radius of the Earth and comet Encke

at various times° This figure ignores the out of plane compo-

nent of Encke's orbit, and the tilt of the Earth's equator to

the ecliptic, both of which affect the viewing from different

latitudes; nevertheless, the figure presents a picture of the

relative Earth-Sun-comet positions.

The first point on the graph 4/30/70 illustrates the

conditions that we noted earlier° Encke at this time is rather

far from both the Earth and the Sun; this raises the magnitude

above 20 at this point. Also it is nearly in conjunction with

the Sun which explains why the visible hours are few. At the

second point 6/26/70 the situation has changed significantly°

The Earth has moved to a position with close to four hours viewing

per day, exclusive of twilight hours, and considerably closer

to the comet, while Encke at the same time is moving closer to

the Sun and brightening° This is the estimated first time of

recovery°

Figure 5 is a graph of the minimum &V for all times

of flight on the launch dates given° The minimum&V launch

window begins 6/30/70° Note, however, the effect of waiting
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until 6/26/70 for favorable sighting° Adding two months for

recovery and orbit determination yields 8/26/70 as the date of

first possible launch; this is noted by the dotted line. At

that time the AV then for a 30 day launch window is 50,900 ft/sec,

5,000 ft/sec higher than the minimum energy launch window;

this fact severely limits this apparition as a possible mission.

Finally, Table 12 lists the parameters used in the

brightness equation mentioned previously. For those comets for

which no figures were available, previous apparitions were

used to judge when sighting would first occur (Roberts, 1964b).
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Table 12

PARAMETERS USED IN THE MAGNITUDE EQUATION

M = M ° + A lOgl0 r + 5 lOgl0 A

M = magnitude

M = individual comet brightness
o number

r = comet-Sun distance AU

- Earth-comet distance AU

A,5 = empirical coefficients

A = 15 unless noted otherwise

Comet M Comet
O

M Comet M
O O

Arend 11.5

Arend-Rigaux 12

Ashbrook-Jackson* 11.5

Borrelly i0

Brooks 2 I0

Comas Sola 8.5

Daniel 11.5

D'Arrest 9.5

Encke 11.5

Faye* ii.i

Finlay

Forbes

Giacobini-Zinner

Grigg-Skjellerup

Harrington-Abell

Honda-Mrkos-

Pajdusakova

Johnson

Kopff

Neujmin 3

Perrine-Mrkos

Ii.5 Pons-Winnecke 12.5

ii.3 Reinmuth i i0.6

ii. 5 Schaumas se i0

13.4 Schwassmann- 8.0

Wachmann 2

12 Tempel 2 i0.5

14.1 Turtle 9.0

8.5 Tuttle-Giacobini

Kresak ii. 7

8.5 Whipple* i0.5

i0 Wolf-

Harrington i0.8
9.0

* A in these cases equals i0
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APPENDIX i

OSCULATING ORBITAL ELEMENTS TO 1985
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This appendix consists of tables of the osculating orbital

elements for the 37 short period comets considered in the study.

The period covered is from the epoch of the published data

through 1985. Points have been chosen to include a minimum of

three points between comet perihelia. The computer runs, using

the NBODY code, used a maximum time between data points of

200 days; however, when the elements are not changing rapidly,

points have been omitted from the tables.

Figures A-I and A-2 show the path Halley's comet would

trace on a plane normal to the ecliptic plane and moving in

longitude with the comet, that is, an accessible regions plot

(Narin 1964) of the comet's heliocentric latitude and distance

from the Sun.

Note how the 50 AU scale, Figure A-l, shows that the

comet never approaches close to the outer planets, and spends

most of its time below the ecliptic plane. Figure A-2 is the

same diagram on a 5 AU scale, showing the perihelion portion of

the comet orbit.

Tables A-I through A-37 are the osculating orbital elements

for the comets, in heliocentric, ecliptic coordinates relative

to the equinox of 1950.0.

Figure A-3, A-4 and A-5 are included for reference.

Figure A-3 shows the heliocentric, ecliptic coordinate system.

Figure A-4 relates AV to VHL, and Figure A-5 relates AV to C 3.
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sin

Useful Relations

_A = _ ÷ tan "I (cosi

/3 = sinu sini
tanu)

Nomenclature

= longitude of the Rsc<:nding node
,.o = longitude of perihelion
t_ = argument of perihelion

_t = argument of latitude
= true anomaly

#S = heliocentric latitude

• heliocentric longitude
i = inclination
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Figure A-3 HELIOCENTRIC_ ECLIPTIC COORDINATE SYSTEM
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APPENDIX 2

NOMENCLATURE
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A

Table A-38 defines the symbols used in this report.
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Table A-38

NOMENCLATURE

a

C 3

e

HCA

i

q

R

RC

T

TF

Tp

VHL

VHP

Semi-major axis of comet orbit

(VHL) 2

Eccentricity of comet orbit

The heliocentric central angle, the angle

between the position vector R L of the Earth

at time of the launch and the position

vector Rn of the target at time of arrival

of the s_acecraft.

Inclination of comet orbit

Perihelion distance of comet orbit

Distance from the Sun

The communications distance, or distance

between the Earth and the target at time

of arrival of the spacecraft at the target

Period of comet orbit

Time of flight for a mission

Perihelion date of comet

Launch hyperbolic excess speed: the

difference between the spacecraft's velocity

in heliocentric coordinates after Earth

escape and the Earth's velocity in its
orbit at the same time.

Closing velocity (hyperbolic excess speed

at the target): spacecraft to target

velocity difference at arrival time.
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Table A-38

(Cont ' d)

_V Ideal velocity: the total velocity increment which
must be given to a spacecraft leaving Earth:

AV = _36,178) 2 + (VHL) 2 + 4000 ft/sec

W

u

W

M

Here 36,178 ft/sec is the characteristic velocity

for Earth escape, launching from Cape Kennedy, and
4000 ft/sec is a correction for gravitational and

frictional losses during launch.

Argument of perihelion of comet orbit

Longitude of perihelion of comet orbit

Longitude of the ascending node of comet orbit

Mean anomaly of comet in its orbit
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ERRATUM

ASC/IITRI Report No. T-7 "Perturbation, Sighting

and Trajectory Analysis for Periodic Comets:
1965-1975"

Page iv - fifth line from bottom: (20-30 km/sec)
should be (65-70 km/sec)

Page ii (Table 3) VHP for the Halley flights in

1/85 should be 65 km/sec; VHP for the

Halley flights in 7/85 should be
69 km/sec.

This large correction in the value of

VHP severely reduces the feasibility of

ballistic flights to Halley's comet.


